The prevalence of hypertension is increased in winter and in cold regions of the world. Cold temperatures make hypertension worse and trigger cardiovascular complications (stroke, myocardial infarction, heart failure, etc.). Chronic or intermittent exposure to cold causes hypertension and cardiac hypertrophy in animals. The purpose of this review is to provide the recent advances in the mechanistic investigation of cold-induced hypertension (CIH). Cold temperatures increase the activities of the sympathetic nervous system (SNS) and the reninangiotensin system (RAS). The SNS initiates CIH via the RAS. Cold exposure suppresses the expression of eNOS and formation of NO, increases the production of endothelin-1 (ET-1), up-regulates ET A receptors, but downregulates ET B receptors. The roles of these factors and their relations in CIH will be reviewed.
INTRODUCTION
Of the four seasons, the cold winter has the highest mortality and morbidity from cardiovascular complications (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . The prevalence of hypertension is increased in cold regions or in winter (1, (4) (5) (6) (7) (8) (10) (11) (12) . Cold winters increase the severity of hypertension and trigger myocardial infarction and stroke in hypertensive patients (1, 2, 4, 8, (13) (14) (15) (16) (17) . Therefore, it is important to study how cold temperatures cause cardiovascular diseases. Studies from our laboratory have shown that chronic exposure of rats to cold (5°C) for 1-3 weeks is accompanied by a significant elevation of resting (systolic, diastolic and mean) blood pressure (BP), tachycardia and cardiac hypertrophy (19-23). These signs characterize the development of the syndrome of hypertension during chronic exposure to cold, namely coldinduced hypertension (CIH). Chronic exposure to cold also induces hypertension in dogs, rabbits, sheep, and young oxen (24, 25) . The elevated BP of rats after 7 weeks of exposure to cold did not return to pre-cold exposure level even after discontinuance of cold treatment for 4 weeks (26). Thus, an elevation of BP induced by a longer period of cold exposure might not be reversible after return to a thermo-neutral temperature. Intermittent exposure of rats to cold also induced hypertension, with a sigmoid relationship between the hours per day exposed to cold and systolic BP (27) . It should be mentioned that elevation of BP is an important cardiovascular response to cold exposure, which provides enhanced circulatory function for the increased non-shivering thermogenesis and metabolic rate for the purpose to maintain body temperature. Indeed, rats are able to maintain their core temperatures constant during exposure to cold (5±2°C) (21, 28, 29) . In this sense, elevation of BP is an adaptive response to cold exposure. However, constantly elevated BP could cause cardiovascular and renal damage (e.g., cardiac and renal hypertrophy) seen in cold-exposed animals (18, 19, 21) . Therefore, CIH is detrimental to the long-term cardiovascular health of cold-exposed subjects. To date, the pathogenesis of cold-induced hypertension (CIH) is not fully understood.
Recent studies indicate that the mechanism of CIH may involve: the sympathetic nervous system (SNS), the renin-angiotensin-aldosterone system (RAS), nitric oxide (NO), and endothelin-1. Cold-induced cardiac hypertrophy (CICH), however, may be due to upregulation of cell growth-related transcription factors.
RECENT ADVANCES IN THE SNS AND THE RAS IN CIH
The levels of circulating and urinary epinephrine and norepinephrine (NE) are increased significantly in coldexposed rats (19, 22, 23, 30, 31, 32) . Thus, the sympathoadrenal system is activated by chronic cold exposure. Our studies showed that central imidazoline and angiotensin II (AngII) receptors and hypothalamic mineralocorticoid receptors may be involved in the cold-induced activation of the SNS (22,23,33). The activated SNS may initiate CIH because therapeutic inhibition of the SNS or bilateral denervation of the renal sympathetic nerve prevented the development of CIH (22,23,32). However, both in vitro vascular contractile responsiveness and the in vivo pressor response to α 1 -adrenergic agonists are decreased significantly in cold-exposed animals (34-37), suggesting that cold exposure down-regulates vascular α 1 -adrenoceptors. Therefore, α1-adrenoceptors are not critical for SNS mediation of CIH.
On the other hand, cold exposure increases plasma renin activity and AngII formation (32,38), suggesting that the RAS is activated by cold exposure. Blockade of the RAS at different levels could prevent or attenuate cold-induced elevation of BP (32, 39, 40) . For examples, a reduction of renin secretion (32), blockade of AT 1 receptors (39), or inhibition of angiotensin I converting enzyme (40) abolishes the cold-induced increase in BP. Thus, the RAS may play a critical role in the development of CIH. Knockout of angiotensinogen gene delays and attenuates cold-induced elevation of BP despite elevated plasma level of NE (41) , suggesting that the SNS initiates CIH via activation of the RAS (22, 23, 32, 41) . Indeed, inhibition of the SNS abolishes or attenuates the cold-induced increase in plasma renin activity and the RAS (22,23,32). The roles of renin and AT 1 receptors in CIH have been evaluated by Wang et al (42) and Sun et al (43) . Antisense inhibition of renin secretion by adenoviral delivery of renin antisense gene abolishes the coldinduced increases in renin, AngII and aldosterone and prevents the development of CIH (42) . This result suggests that renin, the first component of the RAS, plays a critical role in the development of CIH. This study also demonstrates that antisense inhibition of renin may be an ideal approach for the control of CIH and other high renin-related hypertension because it suppresses the entire RAS. Knockout of the AT 1A receptor gene delays and attenuates cold-induced elevation of BP (43) , indicating that this receptor subtype mediates the role of the RAS in CIH. The most recent study showed that RNAi inhibition of mineralocorticoid receptors (MR) prevented the development of CIH (44) . Interestingly, inhibition of MR abolished the cold-induced increases in plasma NE, plasma renin activity, and plasma aldosterone (44) , suggesting a suppression of the SNS and the RAS. The suppression of the SNS was probably due to the inhibition of central MRs.
Indeed, AAV delivery of MR-shRNA decreased the cold-induced up-regulation of MR in the hypothalamus (44) , suggesting that hypothalamic MR may also be involved in the cold-induced activation of the SNS.
NITRIC OXIDE AND CIH
Nitric oxide (NO) is an important vasodilator that is involved in the regulation of blood pressure and endothelial function. Recent studies indicated that the plasma and urine levels of nitrite and nitrate, an index of NO, were decreased in cold-exposed animals (41, 43) , indicating that cold exposure suppressed the production of NO.
The cold-induced decrease in NO production disappeared in angiotensinogen gene knockout mice (41) , suggesting that the cold-induced suppression of NO production may be mediated by the RAS. A recent study revealed that eNOS protein expression was inhibited in the heart and aorta in wild-type mice (43) . Interestingly, cold exposure failed to decrease eNOS expression in AT 1A receptor knockout mice (43) . These results further suggest that the inhibitory effect of cold exposure on eNOS expression may be mediated by AT 1A receptors. The AT 1 receptors may mediate cold-induced inhibition of eNOS because activation of AT 2 receptors stimulates the formation of NO (45, 46) . It should be mentioned that data obtained from gene knockout animals may be complicated by associated compensatory changes. Thus, the hypotheses that the RAS and AT 1A receptors may be involved in coldinduced suppression of NO production and eNOS expression need to be further tested in normal animals using appropriate blockade of the RAS.
To determine the potential role of the NO system in the development of CIH, Wang et al evaluated the effect of viral delivery of human eNOS gene on CIH (47). This study demonstrated that human eNOS gene delivery increased NO production and attenuated cold-induced elevation of blood pressure. Therefore, the NO system may be involved in the initiation and development of CIH. Interestingly, systemic eNOS gene delivery decreased plasma NE in cold-exposed rats (47), which suggests that the increased NO production may suppress the activity of the SNS. Notably, the cold-induced reduction in NO production was accompanied by an increase in the SNS activity. These results suggested that NO may be the mediator of cold-induced activation of the SNS. It has been reported that a decrease in central NO increases the SNS activity (48, 49) . On the other hand, NO could inhibit the release of norepinephrine in the brain (50). Indeed, eNOS gene delivery increased NO production in rostral ventrolateral medulla (rVLM), the cardiovascular center, in cold-exposed rats (47). In addition, eNOS gene delivery decreased plasma renin activity, probably due to the suppression of the SNS activity (47). Therefore, the NO system may mediate the role of the SNS in CIH.
COLD EXPOSURE AND THE ENDOTHELIN SYSTEM
The endothelin (ET) system plays an important role in the regulation of vascular tone, blood pressure (BP), myocardial contractility, fluid balance, and hemodynamics (51,52). The ETs are a group of vasoconstrictor peptides derived from vascular endothelial cells (53, 54) . Three ETs have been identified, ET-1, -2, and -3, all consisting of 21 amino acids. ET-1, the predominant representative of the ET family, is the most potent natural mammalian vasoconstrictor agent yet discovered (30-40 times stronger than AngII) (54), and is essential for cardiovascular regulation (52, 54, 55 A recent study indicated that chronic cold exposure increased ET-1 levels in cardiovascular and renal tissues (58) . The most dramatic increase in ET-1 occurred in mesenteric resistance arteries as early as one week after exposure to cold when BP begins to rise (58) , suggesting that ET-1 may contribute to the initiation of CIH. However, chronic exposure to cold did not alter plasma levels of ET-1. This is in contrast with acute cold exposure (minutes or hours) which increases plasma ET-1 levels (59,60). It should be emphasized that ET-1 is produced in endothelial cells and predominantly secreted toward the adjacent VSMC, supporting the notion that ET-1 is an autocrine/paracrine agent rather than a circulating hormone. Therefore, tissue levels of ET-1 are more important than plasma levels of ET-1 in assessing the contribution of the ET system to CIH. Physiologically, an increase in BP inhibits vascular ET formation. Therefore, the cold-induced increase in ET-1 production, at least during the early stage of cold exposure, is not due to hypertension-associated endothelial damage because CIH is not fully established until 5 weeks after exposure to cold (61) . Thus, the cold-induced increase in ET-1 production may be due to endocrine changes associated with cold exposure, e.g., the activated RAS.
A previous study indicated that chronic cold exposure also increased ET-1 production in the heart (58). Interestingly, cold exposure increased ET A receptor expression but decreased ET B receptor expression in the heart which resulted in an increase in the ratio of ET A /ET B (58) . It has been reported that the activation of the ET system can contribute to cardiac hypertrophy (62, 63) . ET-1 added directly to the cultured cardiomyocytes increases the size of the cells and increases the actin production (64) . ET-1, produced locally by cardiomyocytes, is an important mediator for myocardial hypertrophy induced by thyroid hormone (65) . Although ET-1 levels in the heart were not elevated until 5 weeks after exposure to cold, the ratio of cardiac ET A /ET B was markedly increased as early as 1 week of exposure to cold (58) . It has been reported that the ET A receptormediated action plays an important role in the pathogenesis of DOCA-salt-induced hypertension and cardiac hypertrophy (66) . However, the ET B receptor-mediated action protects against vascular and end organ damage in this model of hypertension. An increase in the ratio of ET A /ET B points out the necessity to evaluate if the alteration of the cardiac ET system is involved in CICH.
Chen and Sun reported that the renal cortex was predominately occupied by ET A receptors while the renal medulla (in the tubules) has a high abundance of ET B receptors (58) . ET A receptors were up-regulated in renal cortex while ET B receptors were down-regulated in renal medulla in cold-exposed rats (58) .
Cold exposure increased ET-1 levels predominately in kidney cortex (58) . An increase in ET-1 levels in the renal cortex decreases renal blood flow (RBF) and glomerular filtration rate (GFR) (51,67), resulting in antidiuresis and antinatriuresis. This effect is mediated by cortical vasoconstrictor effects of ET A receptors which were increased by cold exposure. In the renal medulla, however, ET-1 inhibits Na + -K + -ATPase activity and blocks the stimulatory effects of vasopressin on water reabsorption and thereby inducing natriuresis and diuresis (51,68,69). This effect is mediated by ET B receptors through increasing NO release and intracellular cGMP levels (70) . The medullary ET B receptor protein expression was decreased throughout exposure to cold. Thus, the differential regulation of the ET system in the cortex and medulla tends to increase reabsorption of Na + and water, thereby causing fluid retention which is seen in cold-exposed rats (71) .
ET-1 has proliferative effects, so it will be interesting to test if ET-1 contributes to cold-induced renal hypertrophy.
A recent study indicated that knockout of AT 1A receptor gene significantly decreased the cardiac ET-1 in cold-exposed rats (Figure 1) , suggesting that the cold-induced increase in ET-1 production may be mediated by the RAS via AT 1A receptors. The cold-induced down-regulation of ET B receptors in the heart and renal medulla was likely due to the increased ET-1 levels in these tissues. Interestingly, cold exposure upregulated ET A receptors in the heart and renal cortex against the background of the increased ET-1 levels. This unique regulation of ET A receptors was probably mediated by mineralocorticoid receptors (MR).
Indeed, RNAi inhibition of MR abolished the cold-induced up-regulation of ET A receptors in the heart (Figure 2) , suggesting an important role of MR in the regulation of ET A receptors during cold Figure 1 . Effects of knockout of AT 1A receptor gene (AT 1A -KO) on the cold-induced increase in cardiac endothelin-1 production. The measurement was done in mice expose to cold (5°C) for 5 weeks. AT 1A -KO-Cold, AT 1A -KO mice exposed to cold (5±2°C); AT 1A -KO-Warm, AT 1A -KO mice maintained at room temperatures (warm, 25±2°C); WT-Cold, wild type mice maintained at cold; WT-Warm, wild type mice maintained at room temperatures (warm). ***p<0.001 vs the WT-Warm group. N=6. exposure. Future studies are warranted to evaluate the role of the ET system in the pathogenesis of CIH.
COLD-INDUCED CARDIAC HYPERTROPHY (CICH)
It is interesting to note that prevention or attenuation of CIH does not attenuate cold-induced cardiac hypertrophy (CICH) (31, 32, 39, 40, 41, 43) , indicating that CICH is independent of elevation in BP. Numerous studies have shown that blockade of α-or β-adrenergic receptors (19,31), inhibition of the RAS at different levels (39, 40, 41, 43) , or knockout of angiotensinogen or AT 1A receptor gene (41, 43) does not attenuate CICH although these treatments prevent or attenuate CIH and tachycardia. Therefore, the SNS or the RAS is not be involved in CICH although they may play a role in other types of cardiac hypertrophy. Therefore, CICH may be caused by changes in endocrine factors associated with cold exposure. Genetic deletion of AVP gene does not attenuate CICH, indicating that AVP may not be involved in the pathogenesis of CICH (38).
Thus, the endocrine mechanism mediating CICH remains to be explored.
The protooncogene c-myc is involved in the regulation of cell proliferation and growth and its role in tumorigenesis has been studied extensively (73, 74) . A recent study showed that c-myc protein expression was increased significantly in the heart at 1, 3, and 5 weeks after exposure to cold, which was correlated with the development of CICH (72) . This study further showed that heart-specific suppression of c-myc expression abolished the cold-induced increase in heart wall thickness, heart weight and cardiomyocyte size. Because myocytes are terminally differentiated cells, cellular hypertrophy is their unique response to hypertrophic stimuli (e.g., cold exposure). CICH was mainly characterized by myocyte hypertrophy (overgrowth of myocytes) (72) . Antisense inhibition of cardiac c-myc expression prevented the cold-induced increase in myocyte size, suggesting that cold-induced myocyte hypertrophy was mediated by the increased cmyc expression. It has been reported that the circulating levels of thyroid hormones (T3 and T4) are increased in response to cold exposure (75) . An increase in the production of thyroid hormones increases the nonshivering thermogenesis, which is essential for coldexposed animals to maintain their body temperatures. Therapeutic inhibition of thyroid hormones attenuates CICH (75) . A cell culture study indicated that thyroid hormone-induced myocyte hypertrophy requires p38 mitogen-activated protein kinase (p38MAPK) (76) . p38MAPK activates transcription factors including cmyc (77) . Therefore, a further study is warranted to test the hypothesis that the cold-induced increase in c-myc expression is mediated by the thyroid hormonep38MAPK pathway.
CONCLUDING REMARKS
Cold temperatures have adverse effects on the human cardiovascular system. Animals develop hypertension and cardiac hypertrophy during exposure to Figure 2 . Effects of RNAi inhibition of mineralocorticoid receptors (MR) on the cold-induced increase in cardiac ET A receptor protein expression. The measurement was done in mice exposed to cold for 32 days. RNA interference (RNAi) is a molecular technique used to inhibit a target protein expression; siRNA, small interference RNA; MRshRNA-Cold, mice treated with short hairpin siRNA for MR and exposed to cold (5±2°C); ControlshRNA-Cold, mice treated with scrambled short hairpin siRNA sequence and exposed to cold; PBS-Cold, mice treated with phosphate buffered solution and exposed to cold; PBS-Warm, mice treated with PBS and maintained at room temperatures (warm, 25°C). ***p<0.001 vs the PBS-Warm group. N=6. cold. Cold exposure activates the SNS which, in turn, increases the activity of the RAS (Figure 3) . The RAS suppresses eNOS expression and decreases NO production which contributes the development of CIH. The RAS also mediates the cold-induced increase in ET-1 production. Cold exposure up-regulates ET A but down-regulates ET B receptors. This unique pattern of changes in the ET system may be involved in the development of CIH. The relationship of the SNS, the RAS, the ET system and the NO system in the development of CIH is summarized in Figure 3 . The mechanism of CICH may be different from that of CIH. The development of CICH is disassociated with CIH and is independent of the SNS and the RAS. The protooncogene c-myc is up-regulated in the hearts of cold-exposed rats, which may mediate CICH. The potential role of thyroid hormones in the cold-induced up-regulation of c-myc needs to be evaluated. CIH and CICH are prototypic models of environmentally-induced hypertension and hypertrophy, which are induced without surgical intervention, genetic manipulation or large doses of drugs or hormones.
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